INTRODUCTION
Early in 1999, the Geologic Division of the U.S. Geological Survey distributed its first "Geologic Division Unified Prospectus," a 31-page document that summarized the Division's ongoing research projects and solicited preproposals for new projects. In the section on Energy Resource Studies, the Prospectus requested preproposals that addressed the phenomenon of reserve growth in oil and gas accumulations. In response to this request, I spent several weeks investigating the subject of research growth, mainly through literature review and personal communications with other interested scientists. On April 5, 1999,1 submitted to the Geologic Division a preproposal entitled "Geologic Constraints on the Upper Limits of Reserve Growth." This preproposal (1) put forth the idea that geologically-based estimates of in-place oil and gas could be used to forecast the upper limits of reserve growth and ultimate recovery, and (2) proffered a research strategy to test the feasibility of this new idea, using several old and large California oil and gas fields as examples.
This preproposal was accepted by the Division on May 5,1999. However, I decided not to submit a formal proposal after learning that the National Oil and Gas Assessment Project (NOGA) was already committed to using a petroleumengineering approach (rather than a geological approach) in which estimates of reserve growth and ultimate recovery are calculated for large groups of oil and gas fields using statistical extrapolations from historical records of production and estimated reserves. Now, about two years later, it appears that the ideas in my original preproposal are gaining wider acceptance, and that at least some of these ideas might be used in a NOGA assessment of the San Joaquin basin, California, to be completed during 2003. Therefore, it seems timely and appropriate to publish the preproposal in which the ideas first appeared. Most of this Open-File Report consists of the text of the preproposal almost exactly as it was submitted to the Geologic Division during 1999, with minor changes in formatting. The report concludes with a brief "Bibliography" containing scientific publications that significantly influenced the writing of the preproposal. Citations of the published literature were not included in the original preproposal owing to space limitations established by the Geologic Division.
OVERVIEW
For many oil and gas fields, estimates of ultimate recovery (the sum of cumulative production plus estimated reserves) tend to increase from one year to the next, and the gain is called reserve growth. Forecasts of reserve growth by the U.S. Geological Survey rely on statistical analyses of historical records of oil and gas production and estimated reserves. The preproposal in this Open-File Report suggests that this traditional petroleum-engineering approach to reserve growth might be supplemented, or at least better understood, by using geological data from individual oil and gas fields, 3-D modeling software, and standard volumetric techniques to estimate in-place volumes of oil and gas. Such estimates, in turn, can be used to constrain the upper limits of reserve growth and ultimate recovery from those fields. 
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NARRATIVES
Project summary: For many oil and gas fields, estimates of ultimate recovery (the sum of cumulative production plus reserves) are made each year, and the estimates usually increase from one year to the next; this phenomenon is called "reserve growth." Previous USGS forecasts of reserve growth have relied on statistical "growth functions" derived from disparate data sets, but the results show wide variations and are controversial. Nevertheless, reliable forecasts are essential because reserve growth is thought to constitute more than half of the 110 billion barrels of recoverable oil resources remaining in the United States. This project will investigate the feasibility of using geologically-based estimations of in-place oil and gas to establish the upper limits of reserve growth.
Project objectives and strategy: "Reserve growth" (also known as "field growth" and "inferred reserves") refers to the changes in estimated ultimate recovery (the sum of past production plus remaining reserves) that typically occur as oil and gas fields are developed and produced. When a new field is discovered, initial estimates of reserves are made to determine the field's commercial potential. As more wells are drilled and the field is developed, estimates of reserves are revised (usually upward) as a result of changing circumstances that may include discoveries of new and deeper pools, lateral extensions of older pools, infill drilling, enhanced production from water floods or gas injection, application of new technology, changes in oil prices and production costs, and other factors.
The 1995 National Assessment of United States Oil and Gas Resources (including Alaska) concluded that there are about 110 billion barrels of technically recoverable oil onshore and in state waters (including Alaska). This estimate includes (a) about 20 billion barrels of discovered and measured reserves; (b) about 30 billion barrels of undiscovered resources; and (c) about 60 billion barrels attributable to reserve growth in known fields. These figures imply that reserve growth is the biggest single source of additions to proven reserves in the United States.
Previous USGS forecasts of reserve growth have varied greatly, as shown in the chart below (using figures for the lower 48 states only):
The principal objective of this project is to find one or more methods by which easily-obtainable geological data can be used to infer the upper limits of reserve growth for individual fields and for aggregates of fields in large areas (including plays, petroleum systems, basins, and provinces). Our proposed approach is as follows:
(1) Identify mature, geologically simple oil fields for which there are reliable data on production and reserves for periods of 50 years or more, and for which there is reliable geological information on parameters such as trap style, reservoir type and quality, hydrocarbon type and quality, oil saturation, etc.
(2) Using all available geological data, 3-D modeling software, and standard volumetric techniques, prepare 3-D geometric models of the oil and gas accumulations and calculate the amounts of in-place oil and (or) gas.
(3) Estimate the amounts of recoverable oil and (or) gas using recovery factors that (a) take into account the potential impacts of oil quality, reservoir type, and other geologic factors, and (b) assume the same economic and technological conditions as the statistically-based calculations of field growth and ultimate recovery.
(4) Compare and contrast the geologically-based estimates of in-place and recoverable oil and gas with previous, statistically-based estimates of ultimate recovery; analyze the differences and similarities in the estimates made by these different approaches for fields of varying ages, trap styles, reservoir types, and hydrocarbon types; and draw conclusions regarding the value and practicality of using estimates of in-place oil and gas to infer the upper limits of reserve growth for individual fields.
(5) Formulate and test additional hypotheses that are suggested by examination of the data.
Initially, this project will focus on selected fields in the San Joaquin and Sacramento basins of California because (a) fields in these areas are large, geologically diverse, and show varying amounts of reserve growth, and therefore will provide abundant opportunities to formulate and test hypotheses regarding the geologic controls on reserve growth; (b) abundant information on the geology, production history, and historical estimates of reserves of individual fields in these areas is already in-house or readily available; (c) we can work efficiently in these areas because we have much recent personal experience there; (d) we have numerous personal contacts in local governmental agencies and the oil industry who are active in these areas and can provide important information that might otherwise be inaccessible; and (e) there are many old and large fields in these areas that continue to be major producers of petroleum; some examples are shown in the following chart. Potential impacts and major products: Because this is an exploratory project, the outcomes are difficult to predict. We anticipate that this project will provide one or more new approaches to estimating the upper limits of reserve growth; that this new methodology will be applied in the National Oil and Gas Assessment (NOGA) of the San Joaquin and other California basins to begin in FY 2001; and that the same or similar approaches will be useful in petroleum resource assessments elsewhere in the United States and the world. In addition, the project will produce new, digital 3-D geological models and new, geologically-based estimates of in-place oil and gas for many fields in California and perhaps other parts of the United States; these models, in addition to their utility in studies of reserve growth, will also provide analogs for estimating the sizes, numbers, and geologic characteristics of undiscovered fields. Other possible outcomes may include additional testable hypotheses; our analysis may show, for example, that statistical methods are reliable predictors of reserve growth in certain types of fields (e.g., those with sandstone reservoirs and light oil), whereas oil-in-place calculations are preferred for others (e.g., those with fractured shales or diatomites and heavy oil). Project results will be presented at technical and professional meetings and submitted for publication in technical journals and (or) USGS publications.
Collaborators, clients:
We anticipate that the principal client of this project will be the USGS National Oil and Gas Assessment. We expect that the principal collaborators will be (1) Caroline Isaacs (USGS, retired), who has offered to provide information and expertise obtained during her intensive studies of reserve growth during the 1995 National Assessment; and (2) the California Division of Oil, Gas, and Geothermal Resources, a major source of information on the geology, production, and reserves of oil and gas fields. Additional collaborators and clients will be sought from other government agencies and the oil industry. We are willing to join with others in a single large project on reserve growth.
